Abstract. The nanometer-scale correlated pinning disorder filling channels between regular twin boundaries in the melt-textured (Nd,Eu,Gd)Ba 2 Cu 3 O y composite is studied. Aligned with regular twin boundaries but tightly packed on nm-scale, this pinning medium is capable to significantly enhance pinning performance at high magnetic fields. We show that oxygen annealing plays a principal role in the formation mechanism of this defect type. It seems that the nanoscale lamelar structure is extremely sensitive to the oxygenation procedure and to the terminal temperature.
Introduction
In the LRE-Ba 2 Cu 3 O y compounds (LRE-123, LRE=light rare earth, Nd, Sm, Eu, Gd) much better vortex pinning environment can be created than in YBa 2 Cu 3 O y (Y-123) and thus they can carry significantly higher engineering currents [1] [2] [3] . Therefore, the LRE-123 bulks can trap the same magnetic field as Y-123 [4] but at higher temperatures or a higher magnetic field at the same temperature. It is commonly due to the additional source of point-like pins consisting of LRE/Ba solid solution nanometer scale clusters. Amount of this type of substitution is usually kept in an optimal range by growing the material in a reduced oxygen atmosphere [1] [2] [3] or by a slight excess of Cu over Ba in the starting powder [5] . This kind of pinning enhances mainly the secondary peak, the intermediate field range of J c -B dependence. The low-field part of it is usually increased by "large" particles of secondary phases (in the micron and sub-micron scales). The smaller the secondary phase particles size, the stronger is the effect [6, 7] . In the case of nanometric nonsuperconducting particles the J c enhancement is so strong that extends up to intermediate fields and at high temperatures (where the secondary peak becomes weak) it passes over the whole field range up to the irreversibility field.
In binary and ternary LRE-123 compounds variation in the mutual LRE ratio offers a natural tool how to manipulate with the local environment (say tensions) in the superconducting matrix. Due to different sizes of LRE ions their positions and concentrations are not exactly equivalent. It has been found that in a narrow range of the Nd:Eu:Gd ratio (around 33:38:28) the superconducting matrix is frustrated (in the positive sense from our point of view) so that a periodical correlated nanostructure appears [1] . It has either a zig-zag shape or, in the better case, it is planar, aligned with the regular twin boundaries and filling the channels between them. As the period of this new structure is typically a few nm, just in the range of the vortex core size, no wonder that a very strong pinning effect appears. This effect enhances critical currents at high magnetic fields and presents itself as a hump or shoulder on the J c (B) curve The currents enhancement persists up to substantially higher magnetic fields so that the irreversibility field can be increased by factor 2-3 [1] . While the typical irreversibility field value at 77 K, both in Y-123 and LRE-123 samples, commonly ranges from 5 to 7 Tesla, the value obtained in the above-described material reached about 15 Tesla [1] . Such kind of defects is in any case very attractive for all applications operating at high magnetic fields. The recent extensive study of the material composition and electromagnetic performance homogeneity [8] confirmed a close correlation between LRE ratio and the type of pinning in the melt-textured (Nd 0.33 Eu 0.38 Gd 0.28 )Ba 2 Cu 3 O y samples.
In the present work we refer on the effect of oxygenation on the pinning structure of these samples. ZnO was added to improve growth control of the compound, and silver to enhance mechanical strength of the material. The well-mixed powders were pressed into pellets 20 mm in diameter and 10 mm thick, and consolidated by cold isostatic pressing to 200 MPa. The sample was grown from MgO seed in Ar/0.1% O 2 atmosphere, at the gas flow of 300 ml/min [1] . After that the pellet was oxygenated in the following way: the pellet was during 2 hours heated up to 600 o C, there kept for 2 hours. Then, it was cooled in 12 h to 500 o C, further cooled in the half rate to 400 o C, and cooled further with the rate 2 o C/h to 300 o C. There the sample was kept for 150 h and finally left cooling down to room temperature. The final dimensions were 16 mm diameter and 8 mm height. The RINT2200 (Rigaku) high-resolution automated x-ray powder difractometer identified the sample to be single-phase, with less than 3 mol% Gd-211. The chemical profile analysis of the final product, based on the x-ray emission spectrometry and the x-ray mapping image analysis was made on the cut interface running across the pellet diameter, just next to the positions of the samples for magnetic measurements. The analysis showed a negligible fluctuation of Cu and Ba, irrespective of the growth sector. For copper it was 24.38 ± 0.16 at%; for barium 15.21 ± 0.14 at%. The variation in the LRE ions content was much higher, reaching 2.69 ± 0.13 at% for Nd, 3.55 ± 0.29 at% for Eu, and 2.11 ±0.16 at% for Gd. A notable spatial dependence was found for Nd and Eu. Nd content was significantly higher in the pellet center and continuously decreased towards the pellet circumference, while Eu content varied in opposite way, though much less [8] . The average final composition was (Nd 0.32 Eu 0.43 Gd 0.25 )Ba 1.8 Cu 2.9 O y , showing a higher excess of Eu over Gd than the initial one. Just an opposite tendency should be expected, due to the small amount of Gd-211 added, that can on the other hand, be the reason for the slight depletion of Ba and Cu with respect to the stoichiometric concentration. The average content of zinc was only 0.014 at%, less than half of the input value. Major part of Zn evidently evaporated during the pellet processing, after having made its work in the perfect crystal growth initiation. The average amount of silver incorporated into the superconducting matrix (without the silver droplets) was about 0.044 at%. No degradation of magnetic properties due to zinc or silver was observed [8] . The critical temperature, identified from ac-susceptibility, was 92 K. The pellet form and the material morphology are presented in Figs. 1 and 2. Figure 1 left shows top and bottom of the pellet, while the figure on the right presents the optical microscopy image of the a-b plane of the pellet, characterized by nice equidistant regular twins. The bright spots, nearly regularly distributed over the sample volume, are silver micro-droplets embedded in the superconducting matrix. They are very important for mechanical stiffness of the material, as without silver or another type of impregnation the compound is very crispy. A more complex insight into the material morphology is in Fig. 2 . One can see typical horizontal cracks along a-b planes. Twin boundaries, running along the vertical c-axis, possess the same character on both sides from the growth sector (GS) boundary running along the image diagonal from the left upper corner to the right bottom one. The boundary is "decorated" by Gd-211 particles agglomerated along this boundary. The Gd-211 particles are much smaller than Ag droplets. Magnetic measurements on the samples cut off the growth sector boundaries exhibit an equally high central peak as the samples cut just at the boundary. As the central peak is partly due to "large" secondary phase particles, the magnetic data indicate that a reasonable amount of Gd-211 is distributed over the whole pellet volume. As the optical microscopy was not able to detect them, we conclude that these particles were only a few tens of nm small inside the growth sectors and thus invisible by optical microscopy. Dark and bright large spots are cavities in the material. No special growth difference can be seen by this technique in the two growth sectors (c-axis GS at the lower left corner, a-axis GS at the upper right corner). The material quality was very good. The nanoscale lamellas filling channels between adjacent regular twin boundaries were extensively characterized in Refs. [1, 9] . In the same work a correlation between the nanoscale lamellar pinning structure and the special shoulder on the magnetic hysteresis loop (MHL) and the associated J c (B) dependence was established. The pinning enhancement at high magnetic fields was manifested not only by the shoulder but also by a significant increase of irreversibility field. When speaking about shoulder, we mean that the high-field inflexion point is shifted significantly up-wards from its regular position close behind the secondary peak, so as the part of the curve above the secondary peak is convex instead of the common concave shape.
Experimental details
The samples for magnetic measurements were of the typical dimensions a x b x c = 1.5 x 1.5 x 0.5 mm 3 . Critical current was estimated from magnetic measurements using the extended Bean critical state model for a rectangular sample [10] , J c =2Δm/[Va(1−a/3b)], where V is the sample volume, a and b are the transverse dimensions (b≥a), and Δm is the difference between the upper and lower branch of the MHL. Note that this formula is strictly valid only for a thin plate magnetized in the plane and does not take into account demagnetizing effects. Irrespective of that, it is commonly used also for the configuration with magnetic field normal to the plane, valid only at high magnetic fields. For sake of compatibility and simplicity we keep this practice, too. The magnetization loops were measured at 77 K by means of the PPMS (Quantum Design) vibrating sample magnetometer, with magnetic field sweeping at the rate of 12 mT/s, the field being directed along c-axis of the sample.
Altogether, 45 samples cut from the pellet at different positions were investigated. Here we report on the behaviour of only a few of them that were subjected to a simultaneous thermal treatment. The numbers 1 to 15 in the sample denomination indicate the sample position along the pellet height starting from the top surface (each column was cut to 15 samples) and by characters "C" for the pellet centre and "P" for its periphery.
Experimental results
Most of the samples exhibited J c (B) curve similar to that of sample 15P in Fig. 3 (a) . This J c (B) curve characterizes a corporate effect of nanoscale lamellas and twin planes. Remarkable is the shoulder at about 7-8 Tesla shifting the irreversibility field up-wards, out of our magnetic field range (limited at 9 Tesla). Above the low-field peak the curve is rather flat, what we attributed to the effect of regular twins [11] . This type of curve could not be fitted by any of the commonly used theoretical schemes [12, 13] . From the whole set of samples only two behaved in a different manner. The exceptional ones were two adjacent samples 5C and 6C cut from the pellet center. On the J c (B) curve of sample 5C the highfield shoulder is missing (the curve shape above the secondary peak is mostly concave, resembling thus the common response of bulk RE-123 samples). Although not evident on the first glance, the secondary peak is somewhat flattened due to the channeling effect of regular twins. The flattening is evident from comparison with the model function (dash curve) for twin-free samples [13, 14] ,
where b=B/B max , B max and J c2 are coordinates of the second peak, J c1 is magnitude of the first peak, B L is the field scale of the central peak decay, and n is the scaling factor of the second peak. Sample 5C was exceptional in the context of all others by exhibiting a well-resolved secondary peak and no highfield shoulder. We found that this magnetic "anomaly" correlated with a notable departure of the Eu:Gd elemental ratio value from the pellet average [8] . Sample 6C showed also a pronounced peak at intermediate fields and the curve above the secondary peak was mostly linear, neither convex, nor concave, representing thus a compromise between the two typical courses.
One of the natural explanations of the anomalous behavior of these two samples was an insufficient oxygenation. Therefore we oxygenated these two samples simultaneously, together with reference ones from both the pellet center and periphery, at 320 o C for 7 days. We expected a general change of J c of all samples in intermediate fields (the secondary peak area) due to reduction of oxygen deficiency. For samples 5C and 6C an increase of pinning at high magnetic fields was expected. of practically all other samples changed in a similar manner, as documented in Fig. 4 . In general, the changes were: (i) a systematic decrease of the secondary peak height and (ii) disappearance of the high-field shoulder accompanied by a decrease of irreversibility field, B irr . J c at low fields did not practically change. This indicates that the annealing did not practically touch the "large" particles distribution but in most cases reduced concentration of point-like oxygen vacancies. On the other hand, the decrease of J c and B irr indicates that the lamellar nanostructure was destroyed. This, however, implies that oxygenation plays a basic role in creation (and destruction) of the lamellas. This conclusion is in accord with the fact that the lamellas are aligned with regular twin boundaries, which appear first when the material transforms from tetragonal to orthorhombic structure, i.e. during the first material oxygenation. To what extent this process is reversible, is a subject of just running experiments. Lets now turn back to the samples from the pellet center. Although J c of these samples also decreased, the reduction was mainly in the intermediate field range and the change of B irr was not much remarkable. Each sample experienced slightly different change of J c . Worth mentioning is the practically unchanged irreversibility field of sample 5C, the sample that already before annealing exhibited no high-field shoulder and the lowest B irr of all the investigated specimens. This fact again supports our conclusion that the irreversibility field enhancement in the investigated samples is due to the special pinning nanostructure created thanks to, or at least with help of, a special oxygenation treatment.
Conclusions
A melt-textured pellet of (Nd 0.33 Eu 0.38 Gd 0.28 )Ba 2 Cu 3 O y with a small amount of secondary phase particles and a tiny amount of ZnO was investigated. The material exhibited a pronounced enhancement of J c at high magnetic fields and a substantial increase of irreversibility field. This was attributed to a correlated nanoscopic pinning disorder composed of nanoscale lamellas filling channels between regular twin planes. In the attempt to explain behavior of two samples from the pellet center, deviating from the average of the 45-sample batch magnetically studied, these two samples together with four reference ones were annealed in flowing oxygen at 320 o C for 7 days. In general, this simple oxygenation process resulted in suppression of J c at intermediate and high magnetic fields. This indicates that oxygenation process is a basic agent in formation of the nanoscale lamellas. Further experiments are under way to find to what extent the creation and suppression of the lamellas is reversible and how the process can be optimized.
